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PREFACE

This study was conducted by Gunars Abele, Research Civil Engineer, and David
M. Caswell, Civil Engineering Technician, of the Applied Research Branch, Experi-
mental Engineering Division, and by Dr. Harlan L. McKim, Soils Scientist, and
- Bruce E. Brockett, Physical Science Technician, of the Earth Sciences Branch, Re-
3 search Division, U.S. Army Cold Regions Research and Engineering Laboratory.
¢ Jonathan Ingersoll, Civil Engineering Technician, Geotechnical Research Branch,
Experimental Engineering Division, participated in the infiltration field test and in
the soil data collection.

This work was performed during 1979 at the Deer Creek Lake land treatment
o site under U.S. Army Engineer District, Huntington, West Virginia, Intra-Army Or-
! der No. E 8679ED-03. This report was technically reviewed by John Bouzoun,
3 { C. James Martel and Carolyn Merry of CRREL and by Dr. Satish C. Gupta, U.S. De-

i partment of Agriculture, University of Minnesota.

. Appreciation is expressed to the staff of the Deer Creek Lake Corps of Engi-

i neers Office at Mt. Sterling, Ohio, for their support and assistance during the
’ : 1979 test season.
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NOMENCLATURE

Vw(applied)
Vw (soil)

7

Ah
At

AV
Ay

Tw

total area of spray field (three 3-acre plots = 9 acres = 3.64 ha)
distance from spray nozzle (m)

specific gravity of soil

soil tension (cm of water)

initial soil tension (cm of water)

height of water (cm)

infiltration rate (cm hr')

slope of line on log-log plot

drainage rate (L hr™")

peak drainage rate (L hr")

saturation (%), S = V,, xV.'x100

time (hr)

cumulative drainage (L)

volume of air (%), V, = V-V,

volume of solids (%), V, = yxG;'x100

total volume of spray field (A;xz; = 29,144,500 L = 7,700,000
gal)

volume of voids (%)

volumetric water content (%), V,, = w(yxy}}

volume of water applied (L)

amount of applied water remaining in soil (L), AV, xV;
gravimetric water content (%), W, x W' x100

dry weight of solids (g)

weight of water (g)

cumulative water intake (cm)

depth (cm)

total effective depth of spray field ¥ depth of underdrains = 80
cm

change or difference in height of water (cm)

time increment (hr)

change in volumetric water content (%)

incremental intake (cm)

dry density of soil (g cm™?)

density of water (assume 1 cm® = 1 g)
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HYDRAULIC CHARACTERISTICS OF THE
DEER CREEK LAKE LAND TREATMENT SITE
DURING WASTEWATER APPLICATION

G. Abele, H.L. McKim, D.M. Caswell and B.E. Brockett

INTRODUCTION

The Deer Creek Lake land treatment system,
located approximately 48 km (30 mi) southwest
of Columbus, Ohio, treats wastewater from a
camping site. The facility, designed to handle a
flow of 174,000 L per day (46,000 gal./day) is
composed of a stabilization lagoon, a holding la-
goon, a pumping system that transports waste-
water to the treatment site, and a rotating noz-
zle spray distribution system that applies waste-
water on four 1.21-ha (3-acre) test plots, using
nozzle spacing of 12 m (40 ft) longitudinally and
18 m (60 ft) laterally. An underdrain system with
a lateral spacing of 9 m (30 ft) collects the perco-
late water at a depth of approximately 75 to 80
cm (approx. 30 in.) and terminates at a point
where the discharge can be diverted either back
to the stabilization lagoon or discharged into
Deer Creek Lake (Fig. 1). The four test plots were
planted with reed canarygrass, corn, alfalfa, and
tree seedlings.

The treatment system was designed by the
Huntington District, US. Army Corps of
Engineers. The operation and performance of
the system have been described by Lambert and
McKim (1977).

The primary objectives of this study were to
determine the infiltration and drainage rates at
this land treatment site and the total water mass
balance during wastewater application. These
data are needed to predict the land treatment
system’s performance capabilities if the amount

of water to be treated should need to be in-
creased significantly.

A study was also conducted on the actual dis-
tribution of the wastewater over the area during
the spray application. During the 1978 and 1979
test seasons, it was observed that the soil water
content data, obtained at random locations over
the sprayed area during and after the applica-
tions, frequently produced unrealistic and con-
flicting results (water content data did not
always reflect an appropriate increase in the
water content values after water application). It
was suspected that an uneven distribution of the
sprayed water might account to some degree for
the lack of a consistent correlation between the
calculated amount of water applied and the ex-
pected corresponding increase in water content.

The results of the 1978 test season at Deer
Creek Lake have been described and analyzed in
a previous report (Abele et al. 1979).

DESCRIPTION OF STUDY

Wastewater application schedule

During the summer of 1979, wastewater was
applied to the test area a total of 10 times. The
amounts varied between 2.35 and 2.82 cm (0.92
and 1.11 in.) of water, or between 855,640 and
1,026,340 L (226,060 and 271,160 gal.) over a
3.64-ha (9-acre) area (Table 1). Wastewater was
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i Table 1. Application schedule.

Amount applied

No. Date (L) (gal.) {cm) {in.) Application procedure
1979
1 10 june 997,590 258,280 268 1.06 Continuous (5 hr)
2 24 June 1,026,340 271,160 2.82 T Continuous (5 hr)
3 1 july 967,900 255,720 2.66 105 Continuous (5 hr)
4 8 july 996,060 263,160 273 108 Continuous (5 hr)
5 15 July 960.820 253,850 2,64 1.04 Continuous (5 hr}
6 22 july 959,190 253,420 263 1.04 Continuous (5 hr)
7 7 Aug 967,140 255,520 2.65 105 Continuous (5 hr)
8 14 Aug 1,004,010 265,260 276 109 Continuous (5 hr)
9 20 Aug 1,004,010 265,260 276 109 Continuous (5 hr)
10 29 Aug 855,640 226,060 2.35 092 15 min on, 15 min off
1978
7* 2 Aug 990,900 261,800 272 1.07 1 hr on, 20 min off
9+ 15 Aug 946,300 250,000 2.60 102 30 min on, 30 min off

Total area sprayed = 3.64 ha (9 acres).
Equivalent cumulative height of water applied:
1 cm = 364,300 L (96,250 gal))
1 in. = 244,500 gal. (925,400 L),

*Data from previous season used for comparison in drainage analysis.

applied only on the reed canarygrass, corn and
alfalfa plots; the plot containing the tree seed-
lings was not used.

The rate of application, dictated by the spray
system’s capacity, was approximately 0.5 cm
hr ' (0.2 in. hr'). The first nine applications were
done without interruption, requiring approxi-
mately 5 hr. The last application was done on an
intermittent (15 min on, 15 min off) schedule,
lasting approximately 10 hr.

Observation schedule

Climatological data, consisting of air and
water temperature (maximum and minimum),
precipitation, mean wind speed, and pan evapor-
ation, were obtained daily from the climatologi-
cal station near the lagoons (Fig. 1) and are listed
in Table A1 in Appendix A.

Soil tension data were obtained from the ten-
siometers installed at four depths in each of the
grass, corn, and alfalfa plots at the beginning ot
the test season. Tension readings were usually
obtained according to the following schedule:

1. Prior to application (t = 0 hr)

2. During application (t = 2 to 3 hr)

3. Shortly after application (t = 5 to 8 hr)

4. One day after application (during the am

and usually again during the p.m))

5. Two days after application (usually twice)

6. Daily thereafter until the next application
The data are listed in Table A2.

Soil moisture content data were obtained on a
schedule similar to that used for the soil tension
observations. At least one soil core to a 90-cm
(35-in )} depth was obtained at an arbitrary loca-
tion in the 3.64-ha (9-acre) sprayed area prior to,
during, and at various times after each applica-
tion for moisture content determinations at ap-
proximately 10-cm (4-in) depth increments. The
data are listed in Table A3.

Underdrain flow measurements were made at
point 5 (refer to Fig. 1) to monitor the rate of
water movement through the soil after applica-
tion. Several measurements were obtained dur-
ing and after each application and continued for
several days with one to three measurements
each day. The data are listed in Table A4.

The specific gravity of the soil and the soil
density profiles of the three plots had been de-
termined previously (Abele et al. 1979). Addition-
al density data were obtained in the grass plot in
connection with the infiltration test.

Wastewater and percolate samples were col-
lected each week from the various monitoring
points for chemical and biological analyses. This
work will be discussed in a separate report pre-
pared by Ohio State University.

Infiltration test

An in-situ infiltration test was conducted on
the reed canarygrass plot (Fig. 2) on 16 August
1979 using a 6.1-m- (20-ft-) diam. area with a seal
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Figure 2. Locations of test areas.

around the periphery of the test surface to pre-
vent surface runoff (Fig. 3} Aluminum flashing,
35 ¢cm wide, was installed in a 15-cm-deep, pre-
cut groove, leaving a 20-cm-high wall around the
test area. Tensiometers were installed 30 cm
apart in three radial rows at five depths (that is, a
total of three tensiometers at each depth). Soil
tension data were obtained from periodic tensio-
meter readings and soil water content data from
cores obtained prior to and at various times after
water application. Infiltration data were ob-
tained from periodic observations of head drop
{cumulative intake) read from graduated scales
on the inside of the aluminum berm Water was
applied at a rate of approximately 0.5 cm min '
(0.2 in. min "),

In the test, 2.5 cm (1 in ) of water was first ap-
plied to observe the infiltration rate for an unsat-
urated soil condition The second application, a
total of 8 5 cm (3.4 in) of water, was made 3.3 hr
later after the soil had reached a nearly saturat-
ed condition. A completely saturated condition
was reached shortly after the second applica-
tion The cumulative intake during the steady
state (saturated) condition was monitored for
163 hr

Water distribution tests

To observe the actual distnbution of the

wastewater when spraved on the test plots by
the rotating spray nozzles arranged in a
12 2- - 18 3-m {40- - 60-ft) rectangular grid (Fig. 2),
3 8-L (1-gal ) plastic buckets were placed in an ar-
rangement shown in figure 4 within one of the
rectangular areas enclosed by four spray nozzles
during application 6 (22 July) After the waste-
water application, the volume of water in each
of the 21 buckets was measured using a 1000-mL
graduated cyhnder The volume measurements
were converted to height of water values based
on the open area (324.3 «m?) of the top of the
bucket (The sides of the buckets were slightly
flared. therefore, a direct measurement of the
height of water in the bucket would not be the
true height)

Since the spray circles overlap, the results
trom this test represent the combined effect
from either two. three, or four nozzles, depend-
ing on the particular location within the rectan-
gle To determine the spray pattern of each indi-
vidual noszle or the variations in the amount of
water deposited with distance from each nozzle,
the outside corner 90° sector of the grass field
was used (refer to Fig 2) In this area, which was
subjected to spray from only one nozzle, 21 buc-
kets were arranged as shown in Figure 5. Meas-
urements of the amount of water in each bucket
were done after applications 7, 8, and 9.
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a. Tensiometer arrangement,

b. Water application.

Figure 3. Infiltration test.
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Figure 4. Bucket arrangement during appl. 6.

DISCUSSION OF RESULTS

Infiltration rate

If the cumulative intake Y vs time t data can
be represented by a straight line on an arithme-
tic plot, the infiltration rate, being a constant,
can be obtained directly from

=y, (1)

Ordinarily, however, the cumulative intake vs
time relationship is curvilinear, the intake de-
creasing gradually with time. This relationship
can usually be represented by a straight line on a
log-log plot and, therefore, can be expressed by

Y = Ct" (2)

where C is the intercept at t = 1 and n is the
slope.

Figure 5. Bucket arrangement during app!. 7,
8 and 9.

Since I = dY/dt, | can then be derived:
I =Cnt" . (3)

This is the commonly used expression for the
infiltration rate as a function of time. Plotting
the individual infiltration rate values (calculated
from the incremental intake and time measure-
ments) vs time usually results in considerable
data scatter.

The density and water content of the soil prior
to the infiltration test are shown in Table 2 and
plotted in Figure 6. The volumetric composition
of the soil is shown in Figure 7. The initial satura-
tion of the soil in the test area was 82% (mean).
The soil tension data are listed in Table 3 and
plotted in Figure 8. The tension observations
were used to monitor the relative degree of sat-
uration after the water application, since it was
not possible to obtain soil cores because of
water on the surface of the test area
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Table 2. Volumetric composition of soil prior to infiltration test.

Depth Density Gravimetric (%) Volumetric (%)
4 12 w Vw Vs Vv Vw t V.
(cm) (gem?) (Cg = 2.71)

6 1.41 270 381 52.0 480 901
15 1.69 176 29.7 62 4 376 921
30 1.66 198 329 613 387 942
44 153 25.5 390 56.5 435 955
58 1.66 179 29.7 613 387 910

Table 3. Soil tension during infiltration test.

Tension data represent means of three observations
Depth (cm}
8 15 30 61 86
Time Soil tension (cm of water)
0 70 55 130 30 )
1st application = 25 «m
} min 315 55 120 20 10
5 min 25 50 120 15 1]
11 min 5 35 125 10 ]
15 min 5 30 120 10 0
20 min 5 20 110 % U
30 min 5 10 105 0 0
40 min 5 5 100 0] {
50 min 0 0 90 0 0
10 hr o 5 80 0 0
12hr 0 5 60) 0 1]
15 hr Q0 5 50 0 0
17 br 5 5 45 0 ]
20 hr 5 5 25 {] 0
22 hr 5 5 20 0 0
24 hr 5 5 20 0 1]
26 hr 5 5 20 [}] «
29 hr 5 10 20 0 1]
3.1 hr 10 10 20 0 0
2nd application = 85 (m
thr 0 0 0 0 0
4 L] L T 1 T T N |

Y, Cumulative Intake ‘lem)

[’

L]

(o) Saturated
(0) Unsaturated

0/
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B (1>25min)
°

(.}
1:3.2 cm nr-:,/

(4<25 min)

1=08 cM
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Figure 9. Cumulative intake vs time (first hour).
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Table 4. Cumulative intake during infiltration test.

Intake Rate
Time Y AY at [} t
th)  (cm) {cm) (hr) fcm b (hr)
Unsaturated condition
(1] 0
0.3 0.05 60 0025
0.05 03
015 012 125 on
017 0.45
0.25 0.06 417 020
023 07
0.25 0.05 50 0255
0.28 095
0.35 012 292 034
0.40 1.3
03 0.15 20 0475
0.55 16
0.2 017 118 0635
072 1.8
0.25 0.16 1.56 0.80
0.88 2.05
03 0.17 1.76 0 965
1.05 2.35
Saturated condition
0 0
03 0.25 12 013
0.25 0.3
0.2 0.25 08 038
0.5 0.5
0.25 0.25 10 063
075 0.75
0.2 0.45 0.44 0.98
1.2 0.95
0.45 0.7 0.64 1.55
19 14
10 21 048 295
40 2.4
41 123 033 10.15
16.3 6.5

The cumulative intake vs time data for both
the unsaturated and saturated soil conditions
during the first hour after application are plotted
on arithmetic scales in Figure Y (refer to Table 4)

For the unsaturated condition, there is an ap
parent break in the Y vs t line at some time be-
tween 20 and 30 minutes, indicating a variable
infiltration rate for the 1-hr period, the time re-
quired for the 2.5 cm of water to enter the soil

For the saturated condition, the cumulative in-
take was relatively constant for the first hour
(Fig. 9), but thereafter the intake rate decreased
gradually with time (Fig. 10).

When plotted on a log-log plot (Fig. 11), the Y

vs t data trom the unsaturated condition follow
an irregular curvilinear pattern, as was already
implied in Figure 9. The straight line shown in
Figure 11 for the unsaturated condition repre-
sents the best-fit line estimated by eye, which re-
sults in the following expression:

Y

23897 (cm) (4)
or
Y = 091" (in)

(t = hr).
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Figure 11. Cumulative intake vs time (log-log).

For the saturated condition, the Y vs t relation
ship can be quite easily represented by a straight
line (Fig. 11) and the expression

Y = 0841974 (cm) (5)

or

Y = 0.33¢%7%(in).

The slopes of the Y vs t lines are practically
the same for both the unsaturated and saturated
soil conditions.

The computed infiltration rates (from eq 3) are
as follows:

Unsaturated (S = 82%):

1=175t" 2 (cmhr) (6)

10

or

1'=0691"(in hr
Saturated:

1=062t"%®(cmhr) ]
or

! =024t 60 he).

The computed infiltration rate as a function
of time is shown in Figure 12.

As mentioned earlier, the infiltration rate can
also be calculated from the individual field
measurements (Table 4), or obtained from the
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slope of the Y vs t lines in Figure 9 and from the
slope of the tangent to the curve at any t value in
Figure 10. The results of this method for the satu-
rated condition are plotted in Figure 13 (arithme-
tic plot) and Figure 14 (log~log plot). The agree-
ment between the calculated infiitration rate
(Fig. 12) and that determined from the incremen-
tal measurements and interpolated values (Fig.
14) is very close:

When calculated from the log Y vs log t rela-
tionship (Fig. 11)

I = 062t9%2(cmhr)

When determined from the best fit line for in-
cremental values (Fig. 14)

1 =065t%3(cmhr). (8)

For the unsaturated case, the incremental in-
filtration rate vs time plot resulted in an extreme
data point scatter.

The straight line Y vs t arithmetic relationship
for the unsaturated condition (Fig. 9) may be a
more realistic representation of the true infiltra-
tion rate than that represented by eq 6 which
was calculated from the log Y vs log t relation-
ship in Figure 11:

When measured from the Y vs t relationship
(Fig. 9)

[=32cmhr'(t<0.5) 9}
=16cmhr({t>0.5hr) (10)

When calculated from the log Y vs t relation-
ship (Fig. 11; eq 6)

1=175t92 (cm hr).

It should be noted that the cumulative intake
and the infiltration rate for an unsaturated
condition will vary depending on the soil water
content or the degree of saturation prior to the
water application. The Y and / values shown here
are applicable only to that particular soil water
content condition and the degree of saturation
at the time of the test.

According to the U.S. Department of Agricul-
ture Soil Conservation Service Permeability
Classification for saturated soils (U.S. EPA 1977)
the soil permeability at this site corresponds to a
range of moderately slow (0.6 cm hr' at 1 hr) to
slow (0.3 cm hr" after 12 hr).
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Water distribution

The results of the spray distribution from a sin-
gle nozzle are listed in Table 5 and plotted in
Figure 15. The graph shows how the amount of
water deposited on the ground decreases with
the distance from the nozzle. The mean amount
of water applied over the entire test area during
the three applications was 2.72 ¢cm (1.07 in.) per
application.

The extent of the spray was approximately
12.5 m (41 ft). Therefore, the overlap of the spray
in the rectangular area enclosed by four nozzles
would be as shown in Figure 16. The curve from
Figure 15, representing the mean amount of
water deposited by one nozzle during one appli-
cation, is also shown in Figure 16. The amount of
water received at any location within the rectan-
gle can be visualized by rotating the shaded h,,
vs d figure around each nozzle. For example, the
center of the rectangle, which is 11 m from each
nozzle, receives some spray (in this case 0.5 cm)
from each nozzle for a total of 2.0 cm, which is
less than the mean amount (2.72 ¢m) applied. It
is immediately obvious that some locations re-
ceive noticeably less water and other areas more
than the average amount applied.

If it is assumed that the curve in Figure 15, rep-
resenting the mean water distribution observed
during three separate water applications, is a
reasonable representation of the spray pattern
from all other nozzles in the test area, the total
amount of water deposited at any location with-
in the sprayed area can be determined by adding
the amounts of water contributed by each noz-
zle.

A coordinate grid system was established as
shown in Figure 17. (Because of symmetry, only
one quarter of the rectangular area is required
for this exercise.) The distance from each point
in the grid to each nozzle was measured, and the
amount of water contributed by each nozzle to
that grid point was determined from the curve in
Figure 15. The results are tabulated in Table 6
and plotted in Figure 18. For example, the point
1.1 in Figure 17 received 1.4 cm of water from
nozzle A, 0.55 cm from nozzle B, 0.15 cm from
nozzie C, and no water from nozzle D, for a total
of 2.10 cm. The values in the center of each grid
square (denoted by letters in Fig. 17) were deter-
mined by averaging the values at the corners of
each grid square (Fig. 18).

The mean of the grid square center values was
2.66 cm, which was equivalent to 97.8% of the
mean amount (2.72 c¢m) sprayed on the area.
Therefore, the agreement between the results of
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Table 5. Water distribution from one nozzle.
s Application no.
3 . Bucket Dist., d 7 8 9
3 no {m) Height of water, hw {cm) Mean
! 2 0 - 409 335 372
F 3 15 3.79 3.21 2.08
| 4 15 308 228 1.88
5 15 23 21 185
6 15 2.41 2.79 21
t Mean 15 290 2.60 1.98 2.49
7 30 3.39 3.01 1.88
8 3.0 273 1.43 1.60
9 30 1.99 1.51 1.85
10 30 1.28 236 2.39
Mean 30 235 2.08 193 212
: 1 45 2.04 - -~ 2.04
‘ 1 6.1 1.02 2.42 208
i 12 6.1 1.45 1.57 1.82
C 13 6.1 1.80 182 182
5 14 6.1 2.20 210 1.73
S 15 6.1 1.7 - 1.83
i Mean 61 1.64 1.98 1.86 183
B 16 92 - 116 1.23
l 17 92 0.39 1.39 119
18 9.2 0.46 1.28 109
' 19 9.2 091 1.50 123
! 20 92 1.39 1.42 113
o 21 92 117 128 113
4 Mean 92 0.86 1.34 117 112
]
j
i
{in) (cm)
2o $—r—r———T1 7T T T
Applicotion Total Mean
umber Applied (cm)
" ‘ﬂ"" o 7 265 -
15} e 8 276
& 9 276
e Meon 272
1
s 3 1
; #
Y s 10}
z
g 2+ -J
xz
&
F 3
oS}
U -
L a1 4 l | L " 1 1
o o 2 4 6 8 10 12 (m)
6 10 20 30 a0t
Distance from Nozzle
Figure 15. Water applied from one nozzle vs distance.
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Figure 16. Spray pattern in area enclosed by four spray
nozzles.

Nozzie
- 5 370cm 3.40 3.10 °
3.5 3.20 3.18
4 360 3.35 2,95 2.80
3.38 3.03 2.63
y 3 34 3.15 2.65 2.10
3.06 2.71 2.23
9.15m
2 290 2.80 2.25 1.90
|
2.48 2.28 2.06
' 2.0 2.10 1.95 2.5
2.00 1.99 2.3
1 ___ o 200 1.80 2.10 2.30
) | 2 3

o]

e e'

122m —————

Figure 17. Grid system for calculating height of
water applied.

Mean applied = 272 cm Percent of apphed

(Application Nos. 7.8,9) 80% = 218 cm
W% = 245 cm
Mean from calculated gnd 100% = 272 cm
center values = 266 cm 110% = 299 cm
120% = 326 cm
Ahw =006 cm = 22% 130% = 354 cm

Figure 18. Calculated height of water applied in the

grid system.
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Figure 19. Water distribu-
tion contour map.

this analysis and the actual known mean amount
of water applied is exceptionally good.

By interpolating the data shown in Figure 18, a
water distribution “contour map’ was drawn on
the grid area, the contour lines being in terms of
percentages of the mean amount of water ap-
plied (Fig. 19). Transferring the contour lines to
the other three-quarters of the rectangle resulted
in a contour map as shown in Figure 20.

This analysis indicates that relatively small
sections, approximately 25% of the total area,
receive an amount of water which is within
+10% of the mean amount applied (shaded
areas in Fig. 20). Almost half (45%) of the middle
area of each four-nozzle rectangle receives only
70 to 90% of the mean amount applied, and ap-
proximately 30% of the area, located at the ends
of each rectangle, receives 110 to 130% (or
more) of the mean applied Therefore, certain lo-
cations in the sprayed field may receive almost
twice as much water as certain other locations

Figure 20 was developed from data obtained
from only one nozzle during three applications
(nos. 7, 8 and 9), using a collection bucket ar-

Nozzles

3m

l

I

T

\ »130%/
\ ,/

\ \\/
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FTI‘ﬂm
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Ll

70-90%

NARBAR:

90-110%
L UIU\

HO~130%

l/ \
| >l30%\
1

O

~—f—

-

2m —mm -

Figure 20. Calculated water distribution in per-
centage of mean applied (numbers indicate per-
centage of applied).
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rangement as shown in Figure 5 The data from
this one nozzle were extrapolated to calculate
the combined effect of four nozzles with over-
lapping spray.

During application 6, the water distribution
data were obtained from the entire four-nozzle
rectangle, using a bucket arrangement as shown
in Figure 4. In this case, the data represent the
actual combined effect from all four nozzles
(Table 7).

A comparison between the two sets of data is
shown in Figure 21. The amounts of water in
each bucket after application 6, expressed in
terms of percentages of the known mean
amount applied, are shown according to their lo-
cations within the rectangle The agreement with
the previously developed water distribution map
(percentage values shown in boxes) is reasonably
good, except in the SE section of the rectangle.

The mean of the observed values was 2. 41 cm;
the known mean amount applied was 2 63 cm,
resulting in a discrepancy of 022 cm or 8%. The
discrepancy in the previous one-nozzle analysis
was 2.2% (Fig. 18). Some of this discrepancy




Table 6. Water distribution on grid.

Nozsle A

i _ ¢ D Total
: Coord. pt. Dist hw Dist hM Dist h“ Dist h“ h,,
: ix.yt fmj fem) imj femy imj femy fmy fcmy tcmi
00 110 050 110 050 "o 05 110 050 200
1.0 100 085 123 005 100 (85 123 005 1 80
2.0 94 105 44 105 210
3.0 9 i 115 91 115 230
01 94 105 94 105 210
11 82 140 109 055 MY 015 210
21 75 160 124 0 14 035 195
31 71 170 11 045 215
02 80 145 B0 145 290
1.2 66 180 96 100 280
P 22 56 190 114 035 225
i 1 52 1490 190
' 04 b9 170 69 170 340
L3 1.3 52 190 47 125 315
r . 2.3 18 205 W7 o6l 265
4 33 12 210 210
’ 0.4 63 1 80 63 1 80 360
¢4 1.4 435 200 B3 135 335
L 2.4 24 2200 103 075 2495
E . 34 11 275 123 00 2 80
. 0.5 61 185 61 18 370
: i 1.5 41 200 81 140 440
e 25 21 230 101 0 H 310
i’ i 3 0 375 122 010 3 A5
=
%
i Table 7. Water distribution from four noz-

zles (application 6, total applied = 2.63 cm).

Bucket hy Percentage of total applied
{cm]

- 1 257 98

| 2 254 97

3 2.32 88

4 2.13 81

5 204 78

6 1.39 53

. 7 195 74

8 279 106

9 249 95

10 229 87

1 2,55 97

12 214 a1

13 353 134

14 322 122

15 249 95

p 16 215 82

' 17 254 97

18 298 13

19 n 122

. 20 147 56

21 192 73

Mean 241 92
-
el
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Figure 21. Observed water distribution (appl. 6)
compared with calculated distribution (numbers
indicate percentage of applied).

could be attributed to evaporation during and
shortly after the spraying, as the water amount
measurements were usually completed within 1
or 2 hr after the applications.

The water distribution analysis results strongly
indicate that the locations of field measure-
ments, required for determining the hydraulic
characteristics of a land treatment area during
and after applications, can be of great impor-
tance if there are significant variations in the
areal distribution of the applied water. Since
water content measurements have been ob-
tained at random locations in the treatment
area, it is not surprising that sometimes the data
have not reflected the amount of water applied
on the field as a whole. Frequently it has not
been possible to calculate a realistic mass water
budget after an application because of unrepre-
sentative water content data.

If accurate water content data are to be ob-
tained for water budget determinations of the
entire area, it is imperative that the data be ob-
tained in those areas where the amount of water

T !

Spray Nozzie Line

5.5m
\ tiet)
Underdrain

18.3m
(60f1)

12.2 m Nozzles
(40 11)

-———

Figure 22. Location of preferred water content mea-
surement areas.
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deposited on the terrain surface is approximate-
ly equal to the actual mean amount applied.

Based on the water distribution data obtained
during four applications, it is possible to select
locations where the probability of obtaining re-
presentative water content measurements is
much better than that of purely random meas-
urement locations. In this case, the most repre-
sentative locations in any rectangle enclosed by
four spray nozzles are those shown in Figure 22
as shaded areas. Any change in the distances be-
tween nozzles, their height above the ground, or
the type of spray nozzles used, as well as any
variation in speed or direction of the wind,
would change the location of the preferred ob-
servation or measurement areas.

Underdrain flow

When drainage flow rate data are plotted vs
time on srithmetic scales, the result is a skewed,
bell-shaped curve (Abele et al. 1979). Ordinarily
it is not obvious if such a curve can be described
with a mathematical expression so that the cum-
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Figure 23. Drainage rate vs time (appl. 2).
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Figure 25. Drainage rate vs time (appl. 4).
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Figure 24. Drainage rate vs time (appl. 3).
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Figure 29. Drainage rate vs time (appl. 8).
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uwlative drainage at any time during or after
wastewater application can be calculated. Dur-
ing the data analysis it was discovered that very
frequently the drainage rate Q vs time t relation-
ship could be represented by straight lines on a
log-log plot The value of Q usually increased
approximately as the cube of time up to the
peak flow rate point and then decreased approx-
imately as the reciprocal of time squared

The general expressions for the drainage rates
with time are
Q

A" (before peak flow rate reached} (11)

Q, = A,t" (after peak flow rate reached)  (12)

where Q = drainage rate

time

intercept att = 1

slope before Q,,,, (positive)

slope after Q_,, (negative).
The Q vs t data (Table A4) for applications

2-10 are plotted on log-log scales in Figures

23-31. (No drainage data were obtained during

the first application.) Figures 32 and 33 show the

data obtained from two applications during ihe

Equivalent Drainage Rate
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Figure 32.

Drainage rate vs time (appl. 7, 1978).

Figure 33. Drainage rate vs time (appl. 9, 1978).




Table 8. Drainage rate characteristics.

Apphc Q vs t slopes leaxl
n ny L hr'1l

2 31 -145 1,700

3 20 -1.65 29,000

4 35 =20 13,200

5 275 -1.8 37,000

6 295 -1.85 2,300

7 31 -19 47,000

8 34 -165 39.000

9 315 -27 75.000
10 295 -195 37.000
7(1978) 30 -155 13,0400
9(1978) 415 -205 26,0

1978 season. The slopes of the lines and the peak
flow values are summarized in Table 8.

There were similarities between certain appli-
cations, based primarily on the peak flow rates
and, therefore, between amounts of cumulative
drainage after a particular time period. It was
apparent that the drainage rate was influenced
by the initial water content conditions of the soil
prior to application. Higher initial water con-
tents resulted in higher drainage rates.

For the two applications (nos. 2 and 6) that
produced low peak drainage rates (1,600 and
2300 L hr '), the mean initial volumetric water
content v, in the top 40 cm (16 in.) was 28.8%,
the saturation S being 69.2%. For application 4,
with a peak rate of 13,500 L hr', the V,, and §
values were 31.9% and 76.7%, respectively. For
applications with the high drainage rates (nos. 3,
5,7 and 8; 28,000 to 48,600 L hr ') the mean V,,
and S values were 33.9% and 81.5%, respective-
ly. (No water content data were available for ap-
plication 9; the peak flow was 75,000 L hr ')

When the data from the continuous applica-
tions with high drainage rates were plotted to-
gether, it was possible to enclose all the data
points within a relatively narrow envelope hav-
ing a slope of 3 before the peak flow was
reached and a slope of -2 after peak flow (Fig.
34). The peak flow for these, as well as for the
other continuous applications, occurred approx-
imately 1 hr after the end of application.

The data were separated into groups accord-
ing to convenient time intervals; the mean val-
ues (and the range) of each group are plotted in
Figure 35. The lines with slopes of 3 and -2 agree
reasonably well with the actual data. (A regres-
sion analysis would very likely result in slightly
different slopes, but in this case little would be
gained from a strict statistical approach which
would make the computation of drainage rates
and cumulative intake more cumbersome be-
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Figure 35. Drainage rate vs time (mean of appl. 3, 5, 7,

8 and 9).
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Figure 36. Drainage rate vs time (appl. 2 and 6).
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Figure 37. Drainage rate vs time(mean of appl. 2 and 6).
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cause of inconvenient exponents in the equa-
tions.)

The combined data from the two continuous
applications with the low drainage rates are plot-
ted in Figure 36. An envelope with a slope of 3
for the data prior to peak flow also appears to be
reasonably appropriate in this case. However,
for the data after the peak flow point, the slope
of the envelope in this case is less steep: a slope
of -1.5 agrees well with the data. The mean val-
ues and range of grouped data for the low drain-
age rate applications are plotted in Figure 37.

Drainage data from application 4, which pro-
duced medium flow rates, were shown earlier in
Figure 25. In this case, the slopes were 3.5 and
-2. Rain occurred several hours after the ap-
plication. The slope of the Q vs t line after the
rainfall was similar to that prior to the rainfall,
although the location of the line, as would be ex-
pected, was shifted to the right due to the in-
creased drainage.

A comparison of the results between the three
groups of data (high, medium and low drainage
rates) is shown in Figure 38.

The Q vs t relationship from the three intermit-
tent applications (no. 10, 1979; no. 7 and 9, 1978)
is shown in Figure 39 (refer to Fig. 31, 32, 33). The
peak flow rates occur at approximately the time
when the application was completed and corres-
pond approximately to the continuous applica-
tion peak flow time 1 hr after application.
Therefore, the drainage rate increases with time
during water application until the application
stops, regardless of whether a specific amount
of water is applied continuously for 5 hr or inter-
mittently for 6.5 or 10 hr.

The equations for calculating the mean drain-
age rate Q at any time t are summarized in Table
9 (refer also to Fig. 35 and 37).

Computation of the cumulative amount of
water drained at any time involves integrating
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Table 9. Equations for drainage rate Q (L hr)
and cumulative drainage V(L); time t = hr.

Continuous applications

Mean of applications 3.5.7.8. and 9

Qit- b)) = 2201 {18)
Qit b) ~¥7 10001 (19)
Vit 6) = 551 (20)
Vit 6} - 155100 -1 7 L0 (21)

Apphcation 4
Qi 6y 251" (22)

Qit B 475101 ¢ 23
Vit o S 24
VIt 6) =97 -10'- 475101 (25)

Mean of applications 2.6

Qit 6) = 81 ] (26)
Qi el = 28w’ (27)
Vit 6) = 21 (28)
VIt b)) = 255-1-56<10° (29)

Intermittent applications

Apphcation 10

O 85 = 6t ()
Qit BS5) = 267 -0 (31)
Vit 85) = 15¢ (32)
VIt 85) = 392.10°-267 - 100t (33)

Apphlication ~ 119781

Qit-7% e (34)
Qe 75 267t 0%
Vit 75 - 771 (36)
VIt -75) = 219 <10'-534 1001 (37)

Application 411978}

Qit ) = 2ot (38)
Qi 10 2el0Me 39)
Vit 1) =05t (40)
Vit 10) = 11010 - 26«10 (41)

e -

v o g > -
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the area under the Q vs t curve. Therefore, the
general expression for the cumulative drainage V
is

t

f Q dt.

0

vV = (13)

Because of the shape of the area under the
curve, which is a discontinuous function (Fig.
40), computation of V has to be done in two in-
crements, V before the peak flow point (V,) and
after the peak (V).

t, t,
V=Wt = f Qudtt [ Qudt
(14)

where t, is the time at peak flow Q,,, and t, any
time after Q_ . . Using eq 11 and 12

max

t
i = f At (15)

and

t
v, _f Ay t" dt. (16)

Therefore, the total cumulative drainage at
any time after the peak flow rate is

V= Afn+ 10 !
+ AN+ A + )T a7)

The equations for calculating the mean cumu-
lative drainage V at any time t are summarized in
Table 9. The calculated V vs t relationships are
plotted in Figure 41 for the three groups of con-
tinuous applications and in Figure 42 for the
three intermittent applications.

For mass water balance calculations the
amount of water that has drained through the
underdrain system at any time during and after
the application can be either computed from the
equations in Table 9 or determined from Figures
41 and 42.

The amount of cumulative drainage at any
time after application can be estimated from the
peak flow rate data. This has practical applica-
tions. For example, sometimes in the field it may
be desirable to predict the amount of water that
will have drained 1 day after the application.
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Since the peak flow rate is usually reached with-
in 1 hour after the end of application, a predic-
tion of the next day’s approximate drainage (or
even for 2 days after) can be made very shortly
after the application is stopped.

Figure 43 shows the V vs Q,_ . relationship.
The Q,,,.x data points (Table 10) are from Figures
38 and 39 (or eq 18, 22, 26, 30, 34, and 39, Table
9) and the V data points from Figures 41 and 42
(or eq 20, 24, 28, 32, 36, and 40 for V at peak flow
rate, and eq 21, 25, 29, 33, 37, and 41 for V at t =
24 hr). The y-axis scale on the right side of Figure
43 shows the cumulative drainage in terms of the
approximate percentage of total water applied.
For example, if the peak flow rate for an applica-
tion was 10,000 L hr' (2640 gal. hr''), the cumula-
tive drainage at the peak rate would be approxi-
mately 17,000 L (4500 gal.) or approximately
1.7% of the total applied, and after 1 day ap-
proximately 70,000 L (18,500 gal) or approxi-
mately 7% of the total applied.

Figure 43 is an empirical, not an analytical, re-
lationship, combining all the mean data from the
continuous and the intermittent applications.
The V vs Q,,, relationship can be used for pre-
dicting the approximate cumulative drainage
from wastewater application under typical con-
ditions at the Deer Creek Lake land treatment fa-
cility.

The expressions for the two lines in Figure 43 are

V =17 Qpax) (@t peak flow rate) (42)

v=7 Q(max) (after 1 day). (43)

It should be noted that for the same Q_,,,. the
V values for the intermittent applications are
slightly higher than those for the continuous ap-
plications.

It is also possible to estimate the expected
cumulative drainage from soil tension data ob-
tained prior to water application h(,. Figure 44
shows the relationship between the mean cumu-
lative drainage (at peak flow and after 1 and 2
days) and the mean initial soil tension (Table 10).
For example, if the initial soil tension (mean for 0
to 80-cm depth) in the spray area prior to water
application is approximately 200 (cm of water),
the cumulative drainage at the time of peak flow
will be in the vicinity of 15,000 L (4000 gal).
After one day it will be approximately 65,000 L
(17,000 gal), and after 2 days approximately
85,000 L (22,500 gal.), or less than 10% of the
amount applied. In this case, most of the water
will remain in the soil.
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Figure 44. Cumulative drainage vs initial
soil tension.

Table 10. Mean drainage and soil water data for application groups.

Application no.

Continuous intermittent

2,6 4 35789 10 7(1978) %€1978)
t, Peak (hr) 6 6 6 85 75 10
Q, Peak (L hr ") 1,730 13,200 47,500 37.000 13.000 26,000
V Drained (L} peak 2,600 18,000 71,300 78,300 24,400 50,000
V Drained (L) 1 day 14,000 77,000 284,000 281,000 110,000 202,000
V Drained (L) 2 days 17,400 87,100 320,000 336,000 142,000 256,000
hg Initial tension (cm H,0) 335 180 80 85 160 100
h, Tension at peak Q: 95 65 45 55 55 0
Vw. Initial (%) 0-40 cm 28.8 s 339
V- Initial (%) 0-80 cm 298 294 306 27.2
S, Initial (%) 0-40 cm 69.2 76.7 81.5
S, Initial (%) 0-80 cm 722 7.2 741 659

Extrapolating the lines in Figure 44 towards

the y axis gives an indication of what the Vv
values may be for a saturated soil condition (hy
= 0). The intercepts for the 1- and 2-day lines in-
dicate that the amount of water drained 1 to 2
days after water application would be equiva-
lent to 70 to 85% of the total applied. The total
evapotranspiration (ET) for this time period
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would be in the 20 to 30% range.

This analysis leads to a conclusion that for a
saturated (or nearly saturated) soil condition, it
will probably take a day or more for the total
amount of water drained and lost due to ET to
be approximately equivalent to the total amount
applied.

It should be noted that there are no data to
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support this conclusion, which was based on ex-
trapolation. It is possible for a saturated soil
condition that the V (drained) + £T =V (applied}
state can occur earlier than after 1 day. Since it
is unlikely that applications on agricultural
fields would be made when the soil is already
saturated, the drainage characteristics during a
saturated condition may be of only academic in-
terest in this case, but may be of considerable in-
terest where soil is used solely for land treat-
ment of wastewater, not crop growth. The infil-
tration test, discussed earlier, indicated that 2.6
cm of water (a typical application) can percolate
into the saturated soil in a time period of 5 to 8
hr (Fig. 11).

Figure 45 shows the decrease in soil tension at
the peak flow rate in comparison with the initial
tension. The solid line relates the cumulative
drainage at peak flow with the initial soil tension
{(from Fig. 44). The dashed line relates the cumu-
lative drainage with the soil tension, both occur-
ring at the time when the peak flow was reached
The arrows indicate the decrease in soil tension
during the 6- to 10-hr period

Water budget
The water budget for a typical continuous ap-

73%
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3.4%

30.6%

58.7%

Vol
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-

e 8 em deptho

Ve applied
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{after tion) - 0%

Figure 46. Water budget (mean of appl. 3, 5, 7, 8 and 9).

plication, represented by the mean data from ap-
plications 3, 5, 7, 8 and 9 at the end of 5 hr was
calculated and the results shown in Figure 46
Initial soil conditions (0-80 cm):

Specific gravity G,
Dry density of soil y

271
159 gcm !

]

Volume of solids V= 58 7%

Volume of voids V,, = 41 3%
Volumetric water content VW = 306%
Saturation S = 74% (81 5% for
() to 40 cm)

Volume of water applied V,, = 980,000 L

(259,100 gal)
=269 cm (106
n)

Total volume of field:

V(3,64 ha, 80 cm deep) = 29,144,500 L

Therefore,

(7,700,000 gal.).

Vi (applied) = 3.4% of v, .

Soil conditions after application:

e Bamann e ae

PO,




Volumetric water content, V. = 332%
Increase in vV, , AV, = 26%
Saturation, S = 80% (84% for 0-40 cm).
Volume of water remaining in soil:
Vi (s0il) = Vx4V,
= 29,144,500 X 0.026
= 757,800 L (200,200 gal.).

Volume of water drained (from eq 20 or Fig. 41).

55 t* = 55(5)*
34,400 L (9,100 gal.).

V(drained)

il

The mean net pan evaporation during the five
application days was 0.73 c¢m per day. lf one
takes 80% of the pan evaporation as the daily
ET and assumes that approximately 30% of the
daily ET occurred during the 5-hr application
period, then the calculation will result in an esti-
mated ET value of 7.2%:

ET

)

Vyy (applied) <0.072
70.600 L (18,600 gal.).

H

The water budget, including the percentage of
applied, for the test site can be summarized as
follows:

Vw (soil) = 757,800 L (200,200 gal) 77.3%
V (drained) = 34400L{ 9,100 gal) 35%
ET = 70,600 L ( 18,600 gal) 7.2%
Total = 862,800 L (227,900 gal.) 88.0%
Unaccounted = 118,000 L ( 31,200 gal.}12.0%

Therefore, at the end of the 5-hr application it
was possible to account for 88% of the water ap-
plied. As discussed in a previous report (Abele et
al. 1979), an error or a variation of only 0.1% in
the volumetric water content is equivalent to
3% of the total water applied. Consequently, a
change in the V,, of only a fraction of 1% and an
error of a few percent in estimating the ET could
easily account for the remaining 12% of the
water.

SUMMARY AND CONCLUSIONS

During June, July and August of 1979, a total
of 10 wastewater applications, each nearly 1 mil-
lion L (nearly 260,000 gal.), were made over an
area of 3.64 ha (9 acres), the corresponding

height of water being approximately 2.7 c¢m
(slightly over 1 in.) per application.

From a large-scale in-situ infiltration test, it
was determined that the infiltration rate for a
saturated soil condition at this site varied from
moderately slow (less than 1 ¢cm hr' during the
first hour) to slow (0.3 cm hr™' after 12 hr) and
could be expressed by | = 0.62t°2%cm hr'. For
an unsaturated soil condition (initial § = 82%),
the mean infiltration rate during the first hour
was approximately 2 cm hr.

According to the current design criteria (Fig.
3-3in EPA/COE 1977, reproduced here as Fig. 47),
the wastewater application rate could be in-
creased to at least 5 cm (2 in.) and probably to as
much as 10 cm (4 in.) per week. (Figure 47 shows
the I values at 1 and 10 hr for thi: site.) There-
fore, a 2.5-cm (1-in.) application, requiring a
period of 5 hr for a continuous application,
could be done every second or every third day,
the actual scheduling depending on rainfall. The
criterion shown in Figure 47 does not include the
effects from evaporation and precipitation. For
example, a high precipitation rate relative to
evaporation would suggest a decrease in the de-
sign application rate, and vice-versa. The mean
daily precipitation and pan evaporation rates for
june, July and August 1978 and 1979 were 0.36
cm (0.14 in.) and 0.59 cm (0.23 in.), respectively
(see Table 6 in Abele et al. 1979 and Table A1).
Since the evaporation rate exceeds the precipita-
tion rate, no decrease in the design mean weekly
application rate, due to rainfall, would be re-
quired.

The water distribution on the ground during
spray application was not uniform; some loca-
tions received less than 70% and others more
than 130% of the mean amount applied. Only
25% of the total area sprayed received an
amount of water which is within £+10% of the
actual mean amount applied. It is, therefore, im-
portant that the water content measurements be
done at specific, representative locations.

The underdrain flow rate vs time could be ap-
proximated with straight lines on a log-log plot,
making the computation of cumulative drainage
very convenient. The rate increased approxi-
mately as the cube of time until the peak flow
rate was reached and then decreased approxi-
mately as the reciprocal of time squared. For the
continuous 5-hr applications, the peak flow oc-
curred approximately 1 hr after the end of appli-
cation.

Higher initial soil water content or saturation
resulted in higher flow rates and, therefore,
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Figure 47. Design criteria for wastewater application rate vs soil permeability

(EPA/COE 1977).

higher curmnulative drainage. Consequently, it is
possible to predict the approximate cumulative
amount of drainage at any time during or after
the application from the initial soil tension or
saturation measurements. Also, once the peak
flow rate has been determined, shortly after the
end of application, it is possible to predict the
approximate cumulative drainage 1 or 2 days
after the application.

The water budget in the test area at the end of
a typical 5-hr continuous application was calcu-
lated using the mean data from several applica-
tions done during the most typical soil water
content conditions. The amount of water re-
maining in the soil was 77.3%, drainage was
3.5%, and 7.2% was lost due to evapotranspira-
tion, leaving unaccounted 12% of the amount
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applied. Initially, the mean saturation (0- to
80-cm depth) was 74% (81.5% for the top 40
cm); at the end of application the 0- to 80-cm sat-
uration was 80% (84% for the top 40 cm).
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APPENDIX A: DATA COMPILATIONS

Table A1, Climatological data.
Note: Data shown below were obtained each day at approximately 0900 hr. Therefore, the data obtained on a particular date actually
i represent the climatological conditions for the 24-hr period prior to observation.

v Appl. Air Temp. (9C) Water Temp. (°C) Wind Precip. Net Pan
: No.  Date Max. Min, Max. Min. (km hr-1) (cm) Evap. (cm)
& o i 1 “ 2 ) 0.05 0.51
, 1 10 Jun - 21 33 22 3.3 . .5
b 11 Jun - 10 34 11 7.8 0.05 0.(34
b 12 Jun 25.5 8.5 28 10.5 3.1 Trace 0.\‘,7.
' 13 Jun 21.5 10 31 11.5 2.7 0 0.73
E; ; 14 Jun 22.5 12 26 12 1.9 0 0.41
X 15 Jun 28 15.5 34 15 2.0 0 0.63
I’:.ﬁ 16 Jun 29 15 32 15.5 2.3 0 0.56
? : 17 Jun 28.5 17 32 19 1.1 0 0.58
- 18 Jun 30 16 37 17.5 3.4 0 0.38
* 19 Jun 25 14.5 32 16 2.5 0 0.72
£ 20 Jun 26 15 32 18 2.2 0 0.66
= 2l Jwm 31 18 34.5 17 4.0 0.97 1.00
- 22 Jun 30 18 4.5 17 3.4 0.03 0.37
25 Jun 29 16 30.5 17 3.9 0.03 0.73
B 2 2 Juwm 26 10.5 30 12 2.7 0 D.55
! 35 Jun 20.5 5.5 27 9 2.1 0.28 0.5
26 Jun 22 9.5 31 9 1.7 0.03 0.55
- 27 Jun 5.5 11.5 33 12 1.8 0 0.64
? 28 Jun 28 16 31 16 2.1 0 0.70
. 29 Jun 29.5 19.5 32 17 4.3 0 0.70
; 30 Jun 23 11 24 17 4.4 2.18 0.34
_; Mean 26.5 13.8 31.2 15 3.0 0.17 0.60
3 1 Jul 19 14 20 13 4.1 1.12 0.07
L 2 Jul 23 13 22 13 4.0 1.35 1.53
f‘ 3 Jul - - - . : - _
| 4 Jul 28 16 34 15 2.8 0.55 -
- 5 Jul 21.5 10 24 11 2.5 0.08 0.38
- 6 Jul 21.5 7 29 10 1.6 0 0.52
| 7 Jul 23 9.5 31.5 10 1.8 0 0.05
4 8 .Jul 25.5 11.5 31 13 2.8 Trace 0.85
9 Jul 27 14.5 34 13.5 2.6 0.51 0.62
10 .Jul 21.5 19 36.5 17 1.7 0.05 0.18
| 11 Jul 27 16 32 18 1.4 0.94 0.35
. 12 Jul 28 19 33 19 3.1 0 0.51
13 Jul 27 20.5 31 20 1.1 1.02 -
14 Jul 23 18 36 14 3.8 0.05 -
5 15 .Jul 29.5 19.5 34 20 2.7 0.10 -
16 Jul 26.5 19.5 35 20 4.1 0 0.59
17 Jul 30 16 34 18 3.0 0 0.76
18 Jul 28 13.5 34 15 2.5 0 0.62
19 Jul 28 9 33 12 1.5 0 0.70
20 Jul 28 8.5 33 12 1.5 0 0.59
. 21 Jul 29 16 35 15.5 1.3 0 0.54
6 22 Jul 29 18 34 19 1.6 0 0.50
23 Jul 29.5 19 35.5 18.5 1.8 0 0.50
24 Jul 31 19.5 34 19 3.9 0.05 0.61
25 Jul 28 20 29 18 2.8 2.18 Overflow
26 Jul 26 19.5 28 18 6.1 0.38 Overflow
27 Jul 20.5 20 32 22 1.8 0.18 0.35
28 Jul 29.5 2 32 18 5.2 0.13 0.61
29 Jul 22 18.5 22 20 2.7 3.68 Over{low
30 Jul 28 19.5 32 20 2.4 0.05 0.58
- 31 Jul 29.5 22 34 20 3.2 Trace 0.59
" Mean 26.5 16.2 31.5 16.6 2.2 0.1 0.54
3




Table A1 (cont’d). Climatological data.

Appi. Alr Temp. .OCi sater Temp. 1°C) “ind Precin Net Pan
Mo, vate Max. Min. Max. Min. Km hrTi: om: Evap. :m!
1 \ug 31.5 19.5 H 18 - -
2 A\ug 30.5 19.5 M 20 4.3 2.06 0.80
3 g 25.5 15.5 30 I8 3.4 0.03 0.35
1 Aug 28 15.5 a2 17 2.2 0 0.59
S Aug 30 18 58.5 18 2.9 0 0.49
6 Aug 30.5 19 34 19 2.9 1.40 0.58
N T Aug 30 18.5 35 20 1.4 0 0.50
8 Aug 51.5 18.5 34 20 1.8 0 N.68
9 Aug 33 20.5 35.5 21 5.1 0 0.58
10 Aug 32 22 31 21 3.4 0 0.54
11 Aug 31 18 33 19 6.0 4.01 0.°7
12 Aug 20 11.5 21 12 2.4 .58 0.16
13 Aug 23 10 30 12 1.3 0.03 0.52
8 14 Aug 25 11 28 13 5.1 0 0.55
15 Aug 23.5 7 24 9 6.4 0 0.2
16 Aug 18 8 25 9 3.0 0 0.ol
17 Aug 21 8 29 11 1.6 0 0.48
18 Aug 23.5 10 28 12 2.6 0.18 0.39
19 Aug 26.5 18.5 27 15 5.0 1.91 0.56
9 20 Aug 29 18.5 34 18 2.4 0.05 0.57
21 Aug 26 18.5 28 18. 2.2 4.93 Overflow
22 Aug 25 18 28 18 0.6 0.03 0.2°
23 Aug 26.5 18.5 29 19 1.8 0.10 0.36
24 Aug 27 20 28 21 2.4 1.32 0.20
25 Aug 25 15 27 17 1.¢ 0.23 0.63
26 Aug 24.5 16 30 17 0.7 1.47 Overflow
27 Aug 22 16.5 22 18 (.8 0 .39
28 Aug 26.5 19 25 19 2.9 0 0.28
10 29 Aug 28.5 18.5 31 19 2.2 [§] .27
30 Aug 26.5 i8 28 18 4.3 0 0,36
31 Aug 29 15.5 32 18 1.3 0 0.48
1 Sept 29.5 18.5 34 19 1.4 0 0.38
Mean 26.8 16.2 30 17 2.9 0.59 0.47
Table A2. Soil tension data.
Appl. Time Precip. Soil Tension {cm of water)
No. hate (hr) (cm) Location (ficld, depth)
Grass Corn AMTfalfa
IS5em 30 cm 56 cm Tocm 30 em Tlem T oem 56 cm
2 24 Jun \] 0 110 700 940 160 370 150 60 5600
6.5 20 420 60 00 0 50 60 370
25 Jun 22 0.28 60 60 100 150 130 0 60 150
30 60 60 a0 160 120 70 ol 250
26 Jun 46 0.03 80 80 110 170 140 100 603 250
54 131 100 100 180 130 0 80 290
28 .Jun 98 0 500 200 120 180 140 130 60 250
29 .Jun 122 0 180 210 120 180 130 110 60 180
3 1 Jul 0 .12 50 10 90 140 110 70 60 170
3 20 20 60 110 70 50 60 190
6 20 20 60 90 50 50 60 190
7.5 20 20 60 80 50 50 60 190
2 Jul 24 1.35 30 20 60 120 70 50 60 190
31 60 50 80 140 90 70 60 210
3 Jul 46.5 0 70 60 90 130 110 80 60 210
3 Jul 71 0.55 30 20 100 140 100 70 60 210
77.5 40 30 80 140 120 80 60 210
S Jul 100 0.08 80 70 0 160 130 100 60 230
6 Jul 121 0 120 100 110 160 140 120 60 230
127 160 100 120 160 130 120 80 230
32
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Table A2 (cont'd). Soil tension data.

Appi. Time Precip. scil Tension om ot wutec!

! No. vate the? temy Location - rfiell, lerth.
arass CoIm Alfalin
Tem WM dpom TH5om 3vom Tlem Tbenm S0 om

310 110 180 150 150 120 S0 250

4 8 Jul 0 V] 320 130 0] 150 150 110 T0 250
2.5 30 130 100 170 130 ~0 80N 230
6 20 10 60 140 90 50 60 200
8 30 30 60 120 90 50 60 200
- 9 Jul 23 0.51 30 20 of) 110 90 50 ol 210
: 30 30 30 60 120 140 50 O 210
g 10 Jul 19 0.05 60 60 80 130 130 0 84 210
58 20 30 o0 140 90 S0 o0 21
3 11 Jul 72 0.94 50 50 80 150 130 80 80 210
3 82 0 60 70 110 120 KU S0 2
E- 12 Jul 98 0 90 80 R0 140 130 30 S0 22
I 13 Jul 124 1.02 0 30 0 110 120 o0 30 210
o 5 15 Jul 0 0.10 90 70 80 140 130 ~0 S0 270
0 3 30 30 T 164) 140 90 o 20
) 6 20 20 60 120 80 30 oo 200
£ 16 Jul 22 0 10 J0 00 130 110 S0 oo 200
b 30 80 ou 60 110 100 il il 220
e 17 Jul 16 0 90 ob T0 140 130 Kt ot 250
o 53 120 80 on 110 110 it Nt 250
18 Jul 79 0 220 100 30 160 130 90 100 A
19 Jul 103 0 160 140 30 190 130 110 120 2
6 22 Jul 0 0 660 340 100 160 150 210 S0 Jan
» 2.5 10 380 100 180 150 170 100 210
; 5.5 20 200 100 180 110 o0 m o
Y 23 Jul 23 0 50 Nt 100 lo0 150 "0 “n 19
¢ 25 Jul 2.18 30 30 60 o 50 S0 1o -
26 Jul 0.38 60 60 o0 150 130 S0 S
; 27 Jul 0.18 80 80 U 150 30 1ta So
28 Jul 0.13 20 0 on 130 100 S0 i
’ 29 Jul 3.68 20 20 60 90 o0 30 o0
40 10 60 130 a0 70 60
30 Jul 0.05 S5 45 60 120 30 in 110
70 70 70 160 0 t) 120
31 Jul 0 70 70 80 130 120 o0 l
110 g0 80 170 130 110 100
! 1 Aug 0 120 80 30 150 150 ot 80 -
2 Aug 2.06 20 10 60 110 10 100 ou -
3 Aug 0.03 90 ol 80 130 0 130 ol -
7 7 Aug 0 0 40 70 120 130 130 60 iy 230
3 30 50 70 150 130 S0 0 210
7 20 20 60 120 90 S0 60 210
8 Aug 23.5 0 20 10 80 130 100 30 60 210
9 Aug J6 0 20 60 100 120 120 50 70 210
10 Aug 7 0 40) 100 120 130 120 0 0 250
11 Aug 104 4.01 20) 20 60 80 100 50 60 210
12 Aug 128 0.58 20 60 100 140 110 50 60 210
13 Aug 144 0.03 40 60 110 140 130 60 60 210
8 14 Aug 0 0 a0 70 150 120 150 t o0 250
2.5 10 80 70 150 110 50 60 210
8 20 20 60 80 70 50 60 190
15 Aug 24 0 20 10 80 120 110 50 60 190
16 Aug 48 0 10 0 120 120 130 50 60 190
17 Aug 72 0 60 80 130 130 140 50 60 190
18 Aug 94 0.18 80 100 160 160 140 60 80 190
103 40 60 80 130 130 50 a0 190
19 Aug 121 1.91 30 60 100 140 110 a0 R0 190
9 20 Aug 0 0.05 40 60 110 120 120 0 60 190
2.5 20 30 70 130 100 50 60 190
5 20 20 60 90 70 50 60 190
21 Aug 22 4.93 20 2 60 70 “0 50 60 190

80 120 70 50 60 190
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Table A2 (cont'd). Soil tension data.

E Appi. Time drecip. Scii Temsicn o of water:
; No. Date Wk, LImi Location fisld, Zepth.

i wrass NETS) Fotd.sa
: e Wea 306 75m Wom 7o 75 em S ca

)
30 70 110 140 90 50 70 190

22 Aug 56 0.03
23 Aug 81 0.10 30 60 110 140 90 S0 60 190
24 Aug 105 1,32 20 30 70 120 60 50 60 190
27 Aug 175 0 20 50 90 130 140 60 70 190
28 Aug 193 0 30 70 120 140 110 60 70 190
200 20 70 120 130 130 7 70 190
10 29 Aug 0 0 40 80 120 140 130 70 70 190
3 20 40 60 140 120 70 60 190
. 7.5 20 20 60 120 100 50 60 190
i 30 Aug 2 0 20 30 70 100 90 50 60 190
R 30 20 50 100 120 100 60 60 190
F - 31 Aug 16 0 20 50 110 130 110 60 60 190
E.. S5 40 80 130 160 130 70 80 190
L ! 1 Sept 69 0 40 80 130 160 130 70 80 190
‘2 78 10 100 160 160 130 920 100 190
‘4
: [ Table A3. Soil water content data.
Appl. Time Precip. Volumetric Water Content, \; (%)
No. Date (hry . {cm) Depth (cm)
, 5 12.5 25,5 45.5 55.5  63.5 T6.5 91.5
Alfalfa
2 24 Jun 0 0 - 23,1 3.3 37.2 28.4 28.2 37.3 36.5
2.5 - 22,4 34.5 241 244 299 28.9 2.2
i 6 - 35.7  31.0 38.8 37.0 34.0 36.1 -
| 25 Jun 24 0.28 - 29.2 31.0 27.5 28.5 23.1 25.4 27.2
26 Jun 18 0.03 - 30.6 23,7 41.3 40.9 44.7 41.4  42.2
27 Jun T2 0 - 29.7 346 22.6 18.8 20.2 21.4 22.6
29 Jun 120 0 - 27.1 33,7 37.0 35.9 35.8 9.4 32.2
30 Jun 144 2,18 - 3.4 29,1 29.4 33,0 39.8 46.4 10.0
5 15 Jul 0 0. 31,2 28.6 43.0  27.2 - 22.7 20,4 22.2
| 2.5 33.3 29.7 39.8 25.8 21.3 22.9 21.4 27.1
5 28.8 31,4 3.5 21.7 22.7 21.0 21.8 21.6
16 Jul 21 0 31,6 26.2 36.6 30.0 39.4 35.7 29.1 -
18 Jul 02 ] 29,2 27,7 J0.0 24,2  31.2 33.1  42.3 36.2
6 22 Jul ] 0 20.9  20.0 38.6 27.1 25.9 22.2 2.0 21.6
2.5 0.8 24.3 31.9 36.8 30.9 28.2 35.5 25.2
5 3.8 27.9 37,4 277 21.0 20,9 23,9 23.1
24 Jul 18 0.05 33.9  37.2  34.7 27.1 28.¢ 17.1 19.9 29.8
25 Jul 72 2.18 39.4 30.8 11.3 38.5 37.5 35.5 36.1 -
26 Jul 0.38 15.6  43.5 48.1 47.5 6.3 45.5 48.9 -
27 Jul 0.18 0.0 29.8 374 37.0 35.0 42.6 43.0 38.0
29 Jul 3.68 32,3 29.0 45.7  41.8 38.0 46.9 43.8 44.7
30 Jul 0.05 34.8 3.6 42,9 41.7  40.2 43.9 7.7 41.3
1 Aug 2.00 33.0 7.9 28.2 37.3 - 31.7 24,6 23.1
2 Aug 0.03 34.2  30.0 38.9 36.2 27.4 21.8 22.4 21.6
8 14 Aug 0 0 31.5 34,5 42.6 37.6 35.8 41.7 40.3 44,1
S 5.6 10.9 7.8 43,0 50.2 36.2 - -
Comn
3 1 Jul 0 1.12 - 0.6 33.4 6.8 22.2 19.0 25.1  26.0
2.5 - 32,1 35,3 38.4 41,4 35.8 32,9 25,7
5 - 24.9 37,0 35.1 31.6 30.3 - -
3 Jul 16 0 - 35.8 39.1 27.2 29.8 29.7 35.2 20.2
.4 .0 .5 35.7 .5
- .6 .3 .0 18.5 .4




Table A3 (cont'd). Soil water content data.

Pl Time rrecip. Volumetric Water Content, \, (3}
\O. Date inr! {cm) Depth (cm;

> 2.5 5.5 355 5355 65.5 6.5 9I.5

8 Jul 0 Trace - 3.7 U500 38.8 0 40.0 d0.4 31.8 -
2.5 - 29,6 30.4  10.5 47,9 45.3 32,0 31.4
8 - 30.6 30,4 23,8 27.8  23.6 22,3 20.06

10 Jul 59 0.05 - 29.2 28,3 33.3  27.0 - - -
i1 Jul 82 0.94 - 32,2 48.1 0.1 1.2 43,2 38.5  3l.u
15 Jul ] 0.1 3.3 30.3 2.4 28.1 29.8 22.0 18.6 22,9
2.5 0.9 3.6 3.0 18.1  25.7 21.7 274

5 33,40 3204 11,8 28.1 24,2 22.2 -
27 Jal 0.18 33.1 33.2 32,5 16.3 35,7 30.2 27.8 28,7
29 JJul 3.68 43.2 39.6 36.0  3l.6  25.9  26.0 29.5 271
S0 Jul 0.05 3.4 35,9 42,2 345 27,6 25.2 19.0  24.3
I Aug 2.06 244 32,9 38.4 29.5 29,2 35,9 18.5 41,2
2 Aug 0.03 Mo0035.20 0.8 3.3 2701 21,7 2004 2300
Grass

8 Jul 0 Trace - 28.5 37.7 29.1 31.1 27.7 20.3 23.7
2.5 - 32.2 43,7 42,6 45.0 38.8 34.4 11.1

8 - 30.4 3.2 26.1 27.5 30.2 - -
9 Jul 29 0.51 - 25.8 2.6 27.2 32,9 30.0 18.1 23.t
10 Jul 57 0.05 - 29.7  31.3 31.0 28.4 27.7 21.3 24.8
11 Jul 82 0.94 - 31.4  35.5 26.3 23.5 19.1 17.7 21.0

15 .Jul 0 0.10 31.2 30.7 42.6 29.4 24.1 - - -

2.5 37,0 30.4 42.0 25.8 29.4 28.7 - -

5 34.3  31.5 36.4 33.5 29.8 29.8 22.1 -

16 Jul 24 0 21.5 38.6 30.6 38.5 28.8 22.2 25.7 -

18 Jul 7 0 16.8 18.3 23.3 21.3 22.7 21.2 13.5 -
22 Jul 0 0 21.3  31.3  27.0 36.2 29.7 32.1 24.6 38.6

2.5 37.9  37.¢ 27.2 7.4 33.6 33.2 - -
5 28.3 33.0 30.1 36.2 36.4 37.7 29.3 25.8
25 Jul 72 2.18 27.9 41.0 33.4 39.1 41.8 41.6 28.2 30.2
26 Jul 0.38 26.5 31.1  33.4  39.4 40.5 40.3 33.4 424
27 Jul 0.18 30.3 2.3 33.5 3.5 35.3 39.9 46.4 44.3
29 Jul 3.68 37.6 41.1 32.1 38.2 38.5 36.0 26.5 31.1
30 Jul 0.05 30.0 31.8 33.5 39.6 31.6 23.2 20.4 22.5
1 Aug 0 27.1  26.7 29.2 26.6 26.4 25.3 29.6 39.8
2 Aug 2.06 30.6 30.1 39.4 35.6 41.0 36.1 36.2 39.5
T Aug 0 0 21.9 19.5 30.8 27.2 37.8 3.8 27.4 37.7
2.5 20.7 20.2 37.9 34.2 332 29.8 27.7 36."
5 24.9 26.4 45.9 30.8 30.2 31.4 27.8 38.8

14 Aug 0 0 27.4 340 34.1 26.8 35.4 28.5 28.7 -

2.5 31.7  37.7 34.2 43.4 36.0 33.6 42.4 -
6 29.7 33.2 31.8 34.7 31.3 42.6 27.1 .o
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Table A4. Drainage flow data (point 5).

Applic. Fime Race* . Precip.
, N\O. Dute (hr) {L =ia ) {em)
‘ 2 21 Jun 0 0.8 0
" ) 1.0
" 2 1.7
" 3.2 2.5
" f) 5.7
" 1.5 10,2
" 5 22.3
Y " 6.5 20.1
" 7.5 21.2
. " 8.2 17.4
! " 9.2 12.5
25 Jun 17.5 6.8 0.2
26 Jun 13.5 2.3 0.03
27 Jun 07.5 0.8 0
28 Jun 91.5 0.8 0
E 3 1 Jul 0 1.4 1.12
; . 0.75 12.5
; " 1,75 53
A1 . 3 153
X N B 167
i " 5 370
o " .5 337
. " 8.5 27
® " 9.2 243
N " 10.2 216
g 2 Jul 22 58.7 1.35
" 249 0.1
3 .Jul 53 10.2 0
! 1 .Jul 71 19.3 0.55
- " i 11.7
. S Jul 100 3.5 0.08
6 .Jul 121 1.5 0
Bl 8 Jul 0 0.7 0
" 1.2 1.4
; " 2.5 11
’ " 4 70
" 3.7 92
‘ " 5.7 197
! " 6 226
" 9 92
" 10 7
" 11 69
9 Jul 22.5 60 0.51
" 29.5 41.3
10 Jul 19 17.4 0.05
| v 58 33.3
11 Jul T2 18.6 0.94
12 Jul 103 5.3 0
5 15 .hul 0 1.9 0.10
" 1.5 17
" 2 16.6
" 3.5 119.6
" 5 338
" 5.7 454
" 6 628
" 7 420
" 8.5 280
16 Jul 22 78.4 0
" 31 37.5
17 .l 41.5 19.7 0
" 53 12.9
19 Jul 02 2.8 0
20 Jul 126 1.0 \]
8 22 Jul ol 0.3 0
" 2 2.2
" 3 1.4
" 1.7 19,7
" 5.5 35.7
" 6.5 301
" 8 212
" 8.5 20.1
" G 17.4
" 11 13.0

36




Applic. Time Xacex | drecip.
\G. Date hr (L ain " 1om
25 Jul 23.5 3.5 0
25 Jul n 85.2 2.18
26 Jul Y 36 0.38
27 al 118 15.1 0.18
28 Jul 141 14 0.13
29 Jul 296 3.68
30 Jul 53 0.05
31 Jul 19.7 0
1 Aug 11.7 0
2 Aug 59.4 2.06
3 Aug 36 0.03
4 Aug 15.5 0
7 7 Aug 0 11.4 0
" 1.5 22
" 2.5 109
" 3.5 165
" 4.5 297
" 6 821
" 9 273
" 10 240
" 11 204
8 Aug 21 87.8 0
" 22.5 82.5
S Aug 46.5 28.8 0
11 Aug 103 366 4.01
12 Aug 171 0.58
13 Aug 81 0.03
8 14 Aug 0 29.5 0
" 3 87.1
" 5 409
" 5.5 539
" 6 645
" 7.5 519
" 9 376
" 11 262
" 13 205
" 14 202
15 Aug 15 173 0
" 21 118
" 22 107.5
9 20 Aug 0 71.5 0.05
" 1 76.1
" 2 85.2
" 3 274
" 6 1325
' 8 716
" 9 484
" 10 368
" 11 321
21 Aug 22 568 4.93
10 29 Aug 0 48.5 0
" 2 58.3
" 3 78.4
" 4 129
" ) 143
" 6 329
" 7 488
" 8 491
" 9 627
" 10 519
" 11 412
" 12 366
30 Aug 13 302 0
" 19 185
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*Tn the analysis, normalized rate valucs were used (the initial ratc at
t = 0 hrs was subtracted from the actual rate), converted to units of L ar °.
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